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Flip-Flop Jet Nozzle Extended to Supersonic Flows
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An experiment studying a fluidically oscillated rectangular jet flow was conducted. The Mach number was
varied over a range from low subsonic to supersonic. Unsteady velocity and pressure measurements were made
using hot wires, piezoresistive pressure transducers, and pitot probes. In addition, smoke flow visualization
using high-speed photography was used to document the oscillation of the jet. For the subsonic flip-flop jet, it
was found that the apparent time-mean widening of the jet was not accompanied by an increase in the mass flux.
Fluidically oscillated jets up to a Mach number of about 0.5 have been reported before, but to our knowledge
there is no information on fluidically oscillated supersonic jets. It was found that it is possible to extend the
operation of these devices to supersonic flows. The streamwise velocity perturbation levels produced by this
device were much higher than the perturbation levels that could be produced using conventional excitation
sources such as acoustic drivers. In view of this ability to produce high amplitudes, the potential for using a
small-scale fluidically oscillated jet as an unsteady excitation source for the control of shear flows in full-scale

practical applications seems promising.

Nomenclature
B = larger dimension of flip-flop attachment
b = larger dimension of rectangular slot nozzle
d = diameter of feedback tube
I = fundamental frequency of oscillation
H = smaller dimension of flip-flop attachment
h = smaller dimension of rectangular slot nozzle
L = length of feedback tube
L = axial dimension of flip-flop nozzle attachment
M = Mach number
m = mass flux
P, = ambient pressure
P, = reservoir pressure
P,/P, =nozzle pressure ratio
P = suction pressure in feedback slot and loop
P, = pitot tube pressure
Re = Reynolds number
S,s = aspect ratio; B/H, b/h
St = Strouhal number, St, = fh/U;

t = time

U = mean velocity

a = coherent component of velocity
u’ = fluctuating component of velocity
w = width of feedback slot

X = axial distance

¥y = transverse distance

y1,2 = half-velocity coordinate

Subscripts .
f = fundamental frequency component
ff = flip flop

h = based on &
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o or j = jet exit condition

tl = total

2f = component at first harmonic of fundamental
frequency '

3f = component at second harmonic of fundamental

frequency

Introduction

NSTEADY excitation has been widely used as a tool to
study shear-layer dynamics as well as to control transi-
tion, separation, and shear-layer mixing. Discrete-tone acous-
tic excitation can increase the spreading rate of a jet under
certain conditions.!? Further increases in the spreading rate
can be obtained by multifrequency plane-wave excitation.?4
By combining the right type of plane wave and azimuthal
mode excitation, a higher spreading rate, and a distortion of
the jet cross section, can be obtained over an extended re-
gion.’7 For laboratory research at low speeds, these tech-
niques could be easily implemented using the electromagnetic
acoustic driver as a source of unsteady excitation. However,
for jets operating at a high Mach number, very high levels of
excitation would be required to alter the spreading rate of the
jet. In addition, higher turbulence levels representative of
full-scale jet exhaust require higher levels of excitation.?
Therefore, for high-speed jets operating under full-scale con-
ditions, it appears that acoustic drivers cannot generate levels
that are sufficient to excite the jet. It is also clear that the use
of acoustic drivers is not practical due to their weight and
volume, as well as their power and maintenance requirements.
Some of the limitations of acoustic drivers have been over-
come by excitation techniques such as rotating valves,? oscil-
lating vanes,!® and self-excitation using counterflow.!! How-
ever, for practical applications, the excitation technique needs
to be simple, yet effective. Several types of practical devices
have been developed for jet mixing enhancement, such as the
self-exciting “‘whistler nozzle’’'>!> and the screech-excited
jet.1415 The whistler nozzle works well for subsonic flows, but
ceases to work beyond sonic conditions.!? The ability to en-
hance mixing of a supersonic jet by using its own screech tones
has recently received renewed attention due to interest in high-
speed jet mixing.!%16
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The present work focuses on the fluidically oscillated noz-
zle,'?0 which seems promising as an excitation device for

practical flows. The operation of the fluidically oscillated

nozzle is based on that of a bistable fluidic amplifier. The
concept is easily understood by considering a rectangular jet
issuing into the region between two plates. Despite the symme-
try, the jet may attach to one of the walls (Coanda effect), and
a small pressure gradient could cause the jet to detach from
one wall and attach to the other. If this process could be
controlled and repeated periodically, the result is an oscillating
jet flow. Details of the operation of such nozzles can be found
in a paper by Viets.!” The fluidic nozzle can be used to produce
a time-dependent flow with a substantial change in the time-
averaged jet half-width spreading rate.!7-20

"It needs to be emphasized that the Strouhal number range
over which the flip-flop nozzle operates is 1 to 2 orders of
magnitude below the Strouhal number range of the natural
flow instability. Figure 1, which is adapted from Rockwell,!0
shows the domains of excited jets on a map of S, vs Re,. At
a very high S7,, artificial excitation results in turbulence sup-
pression.?!?2 The St ranging from 0.1 to 0.6 is the regime of
mixing enhancement by the forced pairing of vortices.!"* This
is also the regime of operation of the whistler-nozzle and the
domain of the screech tones in a supersonic jet. The region
over which the flip-flop nozzle operated in the present study is
also shown in Fig. 1. This low Strouhal number oscillation of
the entire jet is actually equivalent to a periodic displacement
of the entire jet shear layer. In developing a flip-flop nozzle
that could be used as an excitation device, the ultimate objec-
tive would be to match the frequency of oscillation of the
flip-flop nozzle with the frequency of the natural instability of
the flow being excited.

The objective of this paper is to extend the operation of
fluidically oscillated nozzles to supersonic flows. Previous
research has only documented the operation of the fluidically
oscillated jet up to the midsubsonic Mach number range. For
applications such as supersonic mixer ejectors, it is of interest
to study fluidic nozzles operating at supersonic speeds. The
present study is motivated by the need for developing excita-
tion devices for the control of shear flows in practical applica-
tions. There are several advantages to using the fluidic nozzle
as an excitation device. It has no moving parts, and in addition
to producing very high levels of streamwise velocity perturba-
tion, the oscillating flow is self-sustaining.!”

Experimental Details

The jet facility consisted of a plenum tank to which various
types of nozzles could be attached. The tank was supplied by
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Fig. 2 Schematic of the flip-flop nozzle: a) assembled view; and b)
exploded view.

compressed air at pressures up to 45 psig. Figure 2 shows a
schematic of the fluidic nozzle and its various parts. Figures 2a
and 2b represent the assembled and exploded views, respec-
tively. The nozzle has three parts: the rectangular converging
slot nozzle, a nozzle attachment with control ports, and a
feedback tube that connects the control ports. The exit (cen-
terline) of the inner rectangular nozzle is the origin of the
coordinate system shown in Fig. 2.

In Fig. 2, the smaller and larger exit dimensions of the
rectangular slot nozzle are denoted by lower case 4 and b,
respectively, whereas the corresponding dimensions for the
flip-flop nozzle attachment are denoted by upper case H and
B, respectively. The width of the control port and the extent
of the flip-flop attachment beyond the control port are de-
noted by w and Ly, respectively. Note that the control port is
present right at the exit of the inner nozzle. Four different
nozzle geometries were investigated and they are referred to as
nozzles 1, I1, II1, and IV. For nozzles I, 11, and III, the outer
flip-flop attachment has a rectangular (parallel wall) geome-
try. For these nozzles, the step between the inner rectangular
slot nozzle and the outer flip-flop attachment in the y direction
is denoted by A, = (H—h)/2. The dimension of this step will
be shown in later sections to be a parameter crucial for the
oscillation of the flip-flop jet at higher Mach numbers. The
numerical values of the geometric parameters shown in Fig. 2
are summarized in Table 1 for the various nozzles tested. The
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Table 1 Summary of nozzle dimensions?

Nozzle h b s=b/h Geometry H B S=B/H w
1 Subsonic 4.76 37.3 7.83 Parallel walls 9.52 37.3 3.91 4.76
II Supersonic 2.34 19.05 8.15 Parallel walls 5.56 19.05 3.42 3.17
11 Supersonic 2.34 19.05 8.15 Parallel walls 7.94 19.05 2.39 3.17
IV Supersonic 2.34 19.05 8.15 Divergent walls; 7.94 19.05 2.39 3.17
5 deg half-angle
#For all nozzles, Ly =15.87, L =290, and d = 12.7; all dimensions in millimeters.
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Fig.3 Smoke flow visualization of subsonic jets using high-speed
photography: a) rectangular slot nozzle, M = 0.3 and b) flip-flop
nozzle, M = 0.3. (exposure time = 1/1000th of a second).

nozzles used in the present work are essentially adaptations of
the original Viets'” design. The investigation by Viets!” found
that the flip-flop nozzle does not produce an oscillating flow
for very small or large aspect ratios. In that study a nozzle
with an aspect ratio of 10 at the throat was tested successfully.
Based on this finding an aspect ratio (b/h) of about 8 was
selected for the inner slot nozzle in the present work. Nozzle I,
which has the largest dimensions, was used for the subsonic
tests. Nozzles II and III differ only in the step height 4.
Nozzle IV, which has the same step height as nozzle II, has a
divergent flip-flop attachment with a half angle of 5 deg. It
should be noted that the step A, between the inner slot nozzle
and the outer flip-flop attachment was present only in the y
direction (Fig. 2). In the z direction for all nozzles, the parallel
side walls of the flip-flop attachment are flush with the inner
slot nozzle surface.

Measurements in the flowfield were made using standard
hot-wire probes up to an axial distance of x/k = 15. For the
supersonic exit conditions, the hot wires were only positioned
in the subsonic portions of the flow. A total pressure probe
(0.8 mm o.d.) was used to survey the flowfield. For the mea-
surement of the oscillating static pressure in the feedback
tube, two piezoresistive pressure transducers mounted on ei-
ther end of the feedback tube were used. A vacuum pump was
used to calibrate these transducers for the measurement of
subatmospheric pressures (0 to 15 psia). A pressure port in the
feedback tube was used to measure the mean static pressure
(Fig. 2). A 0.64-cm (B & K) microphone was used to obtain
sound pressure levels and spectra for the supersonic flow
cases. For these measurements, the microphone was located
slightly behind the nozzle, very close to the nozzle lip.
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Fig. 4 Evolution of mean velocity profiles: a) rectangular slot noz-
zle; and b) flip-flop nozzle.

Results and Discussion

Subsonic Flip-Flop Jet
Flow Visualization

Flow visualization using smoke and high-speed photogra-
phy was used to capture the details of the low-frequency
oscillatory behavior. The high-speed 16-mm movie camera
was capable of reaching speeds as high as 500 frames/s. At
M = 0.3, the camera speed, although not high enough to
capture the unsteadiness due to turbulence or shear-layer vor-
tices (St = 0.2, f = 4000 Hz for nozzle I), was adequate to
provide a record of the low-frequency oscillation of the entire
jet (St, =0.005, f = 100 Hz).

Figure 3 shows flow-visualization photographs for the sub-
sonic rectangular slot nozzle (a) as well as for the flip-flop jet
nozzle (b). The pictures are stills from a high-speed 16-mm
movie made at a Mach number of 0.3. The exposure time for
the photographs was about 1/1000th of a second. The visual-
ization of the jet was made possible by filling the entire
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plenum chamber with smoke. The ‘“whipping’’ action caused
by the flip-flop device is seen in Fig. 3b. Apprommately one
wavelength is visible. The photograph shows the region up to
an x/h of about 50 from the nozzle exit.

Time-Mean Spreading and Entrainment

Figure 4 shows the time-mean velocity profiles for the
rectangular slot nozzle and the flip-flop jet (nozzle I, Table 1)
at various x/h locations at M = 0.2. It should be noted that
the profiles are staggered vertlcally in proportion to the axial
distance at which they were measured. At first glance, the
flip-flop jet is seen to have a higher time-mean transverse
spread and a‘wider time-mean spreading angle. The point to
be made here is that this does not necessarily imply mixing
enhancement in all cases. The time-mean velocity profiles here
are dependent mainly on the extent of the displacement of the
entire jet between its two extremes, thus, the time-mean veloc-
ity profile is a misleading indicator of jet mixing. The same
can be said for the half-velocity coordinate. For a better
estimate of mixing enhancement, one would have to calculate
the mass flux. It needs to be emphasized that even though the
mass flux is a better indicator of jet mixing than the time-mean
spreading rate, it is still not equivalent to mixing. The mass
flux was calculated by integrating the velocity profiles shown
in Fig. 4. The velocity profiles were integrated from the center-
line, up to the point where the local velocity was 10% of the
centerline velocity. From Figs. 5a and 5b, it can be seen that
even though the half-velocity spreading rate for the flip-flop
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Fig. 5 Variation of jet spread and mass flux with axial distance: a)
half-velocity spread; and b) mass flux ratio (velocity profiles inte-
grated up to U/ Ucenterline = 0.1).
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Fig. 6 Radial variation of phase-averaged unsteady velocity compo-
nents: a) x/h =0.3; b) x/h = 4; and ¢) x/h = 26.

jet is much higher than that of the rectangular slot nozzle (Fig.
5a), the mass flux ratio for both jets is about the same (Fig.
5b).

The mass flux calculations depend considerably on where
the integration is terminated in the y direction. To ensure that
the mass flux trends reported in Fig. 5b were not dependent on
the integration boundary, the integrations were performed up
to the points where the velocity was 20, 15, 10, and 5% of the

-centerline velocity. As one would expect, the farther the inte-

gration proceeded the greater was the mass flux for both the
flip-flop nozzle and the rectangular slot nozzle. However, the
conclusions made from Fig. 5 are valid for all integration
boundaries, namely, the dramatic change in the time-mean
spreading angle for the flip-flop jet seen in the half-velocity
data (Fig. 5a) is deceptive and is not accompanied by a signif-
icant increase in the mass flux (Fig. 5b). This observation is
corroborated by the findings of Simmons et al.,?? Fiedler and
Korschelt,?* and Srinivas et al.?* Srinivas et al.’ concluded
that the flip-flop nozzle, while being a good flow-spreading
device, is not so effective in entrainment.

Potential for Use as an Unsteady Fluid Dynamic Excitation Device

Figure 6 shows the transverse variation of phase-averaged
unsteady velocity components from the jet centerline to the
outer edge of the jet (in the y direction) for three x/A loca-
tions. The velocity fluctuations are shown at the fundamental
oscillation frequency of the flip-flop nozzle (@;), along with
components at its harmonics (%, @3y). The magnitudes of the
higher harmonics are small compared to that of the funda-
mental component. The total rms fluctuation level in the jet
(1) is also shown for comparison. The fundamental fluctua-
tion level (i) close to the jet exit (x/h = 0.3) is low at the jet
centerline (y = 0) and peaks around y/# = 0.6. All compo-
nents of the fluctuating velocity are seen to decay with down-
stream distance.

The strong streamwise velocity fluctuation levels for the
flip-flop jet are essentially due to the oscillation of the jet
between its two extremes. However, there still remains the
potential for using the flip-flop jet as an unsteady fluid dy-
namic excitation device. For a flip-flop jet operating at a
Mach number of 0.3, the amplitude of the velocity fluctua-
tions at the fundamental frequency ranges from a maximum
of 40% of the mean velocity at the jet exit (Fig. 6a) to 10% at
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Fig. 7 Smoke flow visualization of a supersonic flip-flop jet using
high-speed photography: a) phase 1 of oscillation, nozzle pressure
ratio = 2.75; b) phase 2 of oscillation, nozzle pressure ratio = 2.75;
and c) nonoscillating case, nozzle pressure ratio = 3.65.

x/h = 26 (Fig. 6¢). In contrast, the streamwise velocity pertur-
bations that could be produced using acoustic drivers with a
power rating of 40 W were in the range of 1-3% of the mean
velocity, the higher value attainable only with the help of
plenum resonances.® Even a high amplitude Ling electropneu-
matic driver could only produce levels up to 7% of the jet
velocity at the nozzle exit plane.* Thus, the main merits of the
flip-flop jet lie in its ability to produce high amplitudes of
streamwise velocity perturbation levels, which could be used
to excite other flows.

Extension to Supersonic Flows ‘
Flow Visualization of the Supersonic Flip-Flop Jet

Stills from the smoke flow visualization using high-speed
photography for the supersonic jet are shown in Figs: 7a-7c
for nozzle II of Table 1. For the smoke flow visualization of
the supersonic jet, a smoke-injection technique different from
that of Fig. 3 was used. A pair of tubes were used to inject
smoke at the jet exit. The dual tube smoke-injection technique
was controlled by the flapping of the jet. When the jet flapped

to the bottom, it entrained smoke from the bottom tube (Fig.
7a). When the jet flapped to the top, it entrained smoke from
the top tube (Fig. 7b). Thus, the flapping of the jet was made
visible by the alternate discharge of smoke from the tubes. The
two phases of oscillation at a nozzle pressure ratio of 2.75 are
shown in the photographs in Figs. 7a and 7b alongside
sketches. Figure 7c shows the case at a nozzle pressure ratio of
3.65 when the flip-flop jet had stopped oscillating. Here the
flow from the inner slot jet is attached to both walls of the
flip-flop attachment and the smoke from both tubes is seen to
be entrained by the high-speed jet.

Distinguishing Features of the Supersonic Flip-Flop Nozzle

It should be noted that for the underexpanded convergent
rectangular nozzle used in this experiment, the Mach numbers
quoted are the fully expanded Mach numbers. In other words,
the Mach number attained if the flow had isentropically ex-
panded to ambient room pressure. However, for the flip-flop
nozzles, the pressure at the control ports is subatmospheric
(approximately 6 psia at M = 1.9). The situation is similar to
that of a blocked ejgctor (secondary inlets closed). Because of
this reduced pressure, the supersonic jet actually exits into
subatmospheric sé_r}jféundings, resulting in a much higher local
jet Mach number. Figure 8a shows the magnitude of the low
pressures measured in the feedback tube at various upstream
reservoir pressures. Data are shown for nozzles II, I1I, and IV.
Most of the measurements presented in this paper were ob-
tained for nozzle II (Table 1). For this nozzle, the pressure was
measured both at the step between the inner slot nozzle and

&—-8 Nozzle Il step
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Fig.8 Feedback tube pressure and jet Mach number for various
nozzle pressure ratios: a) pressure measured in the feedback tube for
various nozzle pressure ratios; and b) Mach number vs nozzle pressure
ratio.
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Fig. 9 Time traces: a) velocity signal at the exit of the flip-flop jet;
and b) pressure signal in feedback tube for various Mach numbers.

the outer flip-flop attachment and in the feedback tube (see
Fig. 2, control port and static pressure port). The pressures at
these two locations were found to be approximately the same
(Fig. 8a, nozzle II step and feedback tube). Nozzle II stops
oscillating around P,/P, = 3. When the jet stops oscillating
and is attached to both walls, the value of P;/P, drops further,
from 0.6 to 0.45.

The Mach number for the flip-flop nozzles which takes into
account the reduced pressure is plotted in Fig. 8b for nozzles
11, 111, and IV. For each nozzle the value of P;/P, was used in
conjunction with the isentropic relationship to calculate M. A
curve for the rectangular slot nozzle obtained using P,/P, in
the isentropic relationship (fully expanded Mach number) is
also shown for comparison. A very interesting point to be
noted here is that for the same tank pressure the Mach number
with the flip-flop attachment present is higher than that for
the rectangular nozzle alone. In other words, for a prescribed
Mach number the reservoir pressure required is lowered by the
attachment of the flip-flop device.

Hot-wire time series data are shown for Mach numbers
ranging from low subsonic (M = 0.68) .to supersonic
(M =1.90) in Fig. 9a for nozzle II (Table 1). Because of
difficulties in the use of hot wires at high subsonic and super-
sonic speeds, it was not possible to document the type of
measurements presented for the M = 0.3 jet in Fig. 6. Instead,
for the high Mach number cases, the hot wire was located at
the M = 0.5 location in the shear layer at the jet exit plane. As
the jet Mach number was increased, the hot wire had to be
moved in the y direction away from the jet centerline to stay at
the local M = 0.5 location. For this reason, it is not proper to
make quantitative comparisons of the oscillation amplltudes
at various jet Mach numbers. The results presented in Fig. 9a
are therefore to be regarded as being qualitative. The velocity

signal clearly shows the quasisquare wave behavior of this
bistable device. As mentioned in connection with Fig. 6, the
large velocity fluctuations are a result of the transverse oscilla-
tion of the jet between its two extremes. Strong velocity. oscil-
lations are seen up to a Mach number of 1.58 beyond which
the oscillations cease. As observed in the smoke flow visualiza-
tion at a Mach number slightly above 1.58, the flip-flop nozzle
stopped oscillating due to the inner slot jet attaching to both
walls of the flip-flop nozzle. This results in a further decrease
in the static pressure at the step and as a consequence the
Mach number abruptly jumps to 1.9.

Figure 9b shows the unsteady oscillating pressure measured
using one of the piezoresistive pressure transducers within the
feedback tube. The location of this sensor is shown in Fig. 2.
The oscillations here are quasisinusoidal and occur at the same -
primary frequency as the velocity oscillations detected by the
hot wire in Fig. 9a. Simultaneous measurements of the un-
steady pressures from both the pressure transducers mounted
on either end of the feedback tube showed the signals to be 180
deg out of phase. The amplitudes of the pressure oscillations
were of the order of 1 psi (rms) and 2 psi (peak to peak) when
the Mach number was 1.58. It was this periodic 2-psi pressure
difference between the two control ports that sustained the
oscillation of the. jet by causing the inner jet to alternately
attach and detach from the two outer plates. At the same
Mach number (M > 1.58) where the velocity oscillations in the
shear layer cease, the pressure oscﬂlatlons in the feedback tube
were seen to do the same.

Dependence of Flip-Flop Frequency on Mach Number

The frequency vs Mach number relatlonshlp for the various
high-speed ngzzles tested is shown in Fig. 10. From Fig. 10 it
is seen that the oscillation of the flip-flop jet extends smoothly
from subsonic.to supersonic flows. For a fixed feedback tube
length and dlameter, the frequency of oscillation of the flip-
flop nozzle was seen to increase with an increase in the Mach

number. The frequencies varied from 30 Hz at M = 0.1 to

about 300 Hz at M = 1.58. For nozzle II, the oscillations
ceased at a Mach number of 1.58 as explained in earlier
sections due to the attachment of the inner slot jet to both
walls of the flip-flop attachment. By increasing the flip-flop
nozzle step height (nozzle IIT), this limitation was overcome
and the operation of the flip-flop nozzle was extended to
M = 1.8, at which condition the inner slot jet flow expanded
and attached to both walls of the flip-flop nozzle. Another
nozzle that was briefly looked at was nozzle IV, which had the
same step height A, as nozzle II but with a divergent flip-flop
attachment with a half angle of 5 deg. Nozzle IV was also seen
to stop oscillating around M = 1.58. It can be concluded from
these observations that the step A; between the inner slot
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Fig. 10 Frequency of oscillation of the flip-flop nozzle vs Mach
number.
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nozzle and the outer flip-flop attachmerit is one of the impor-
tant parameters that determines the Mach number at which
the flip-flop nozzle stops oscillating. _

In the discussion of the frequency of oscillation of the
flip-flop jet, the variation with Mach number is emphasized.
This is because the present work focuses on the extension of
the operation of such devices from subsonic to supersonic
Mach numbers. However, the feedback tube length and vol-
ume are also important parameters in determining the oscilla-
tion of the flip-flop jet.!7-2 For efficient use of such devices in
practical applications, all of these parameters need to be stud-
ied. The present work does not attempt to optimize the perfor-
mance of such a nozzle.

It should be pointed out that desplte the apparent similarity
in geometry (due to the step A;) between the flip-flop nozzle
and the whistler nozzle, the principle of operation of these two
devices differs significantly. The whistler excitation is the re-
sult of a coupling between a shear-layer tone and duct reso-
nance of the nozzle.® According to Hill and Greene,!? a
two-dimensional whistler cannot function. In addition the
whistler nozzle ceases to work beyond sonic conditions,
whereas the present flip-flop nozzle continues to operate at
supersonic speeds. Therefore, any whistler excitation being
superimposed on the flip-flop jet can be ruled out.

Comments on the Spreading of Supersonic Flip-Flop Jets in Compar-
ison to Rectangular Slot Jets )

Figure 11 shows the pitot pressure profiles measured in the
y direction at various x/# locations for both the flip-flop jet
and the rectangular jet. In this section, the flip-flop nozzle is
compared to the rectangular slot nozzle operating at the same
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nozzle préssure ratio. Figures 11a and 11b represent the pro-
files for the rectangular slot jet and the flip-flop jet, respec-
tively, at a nozzle pressure ratio of 2.75. Figures 11c and 11d
show the same type of data, but at a pressure ratio of 3.65.
Because of the shock/expansion pattern, the profiles close to
the nozzle exit cannot be used to make inferences about the
spread of the jet. The profiles around x/A = 20, however,
should be a fair indication of the time-mean spread of the jet.
For large downstream distances, the static pressure can be
assumed to be equal to the ambient pressure. The mass flux
calculation for these cases can only be made if profiles in the
y direction are measured at several z stations at each x/h
location to provide detailed data defining the entire jet cross
section. This is necessary because at such large downstream
distances the jet is no longer two-dimensional and the lateral
spread of the jet could be a significant factor. The present
work does not attempt to do this. At the Mach number where
the flip-flop attachment has stopped oscillating (Fig. 11d), the
flow is attached to both walls and the exit pressure profile
shows a low pressure at the jet center, possibly due to a strong
shock within the flip-flop device. This bifurcation effect per-
sists downstream up to x/A = 10. At x/h = 20, the two peaks
have merged to one.

While comparing the total pressure profiles for the rectan-
gular slot jet and the oscillating flip-flop jet case (Figs. 11a
and 11b and Figs. 11c and 11d), it is essential to note that the
rectangular slot jet is excited by its own screech. The effect of
screech on the mixing of a supersonic jet has been shown
previously!415 to be very significant. For the spectral measure-
ments shown in Fig. 12, a microphone was located very close
to the nozzle lip, slightly upstream of the nozzle exit. At a
pressure ratio of 2.75 three tones are seen to appear at 32.4,
33.6, and 35 kHz (Fig. 12a). The Strouhal-number range
based on A, (St,), is around 0.17 to 0.18, a range where the
shear layer is extremely sensitive to excitation. In addition, the
large screech amplitudes ( ~ 147 to 154 dB) could alter the
spread of the rectangular slot jet significantly. In contrast, the
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microphone spectra for the oscillating flip-flop jet at the same
nozzle pressure ratio, shown in the same figure, shows no
screech tones. The enhanced spreading in Fig. 11a due to
screech excitation for the simple rectangular jet is about the
same as the pseudospreading in Fig. 11b due to the gross
movement of the flip-flop jet. Thus, the increase in the time-
mean spreading rate, which was seen very clearly for the
subsonic flip-flop jet (Figs. 4a, 4b, and 5a), is not seen here in
Figs. 11a and 11b.

Next, it is useful to compare the set of data in Figs. 1ic and

11d for the rectangular slot nozzle and the nomnoscillating
flip-flop nozzle case (bifurcated velocity profile), both at a
nozzle pressure ratio of 3.65. Note that in going from Figs.
11a and 11b to Figs. 11c and 11d, the nozzle pressure ratio was
increased from 2.75 to 3.65. In Figs. 11c and 11d, the total
pressure data at x/k = 20 indicate that the rectangular slot jet
has in fact a higher spread than the flip-flop nozzle nonoscil-
lating case. For the rectangular slot jet, one screech tone is
seen at 21.2 kHz (S¢, = 0.12) with an amplitude of 159 dB
(Fig. 12b). In comparison, the flip-flop nonoscillating case has
no screech tones. It was the observation of Krothapalli et al.!®
that screech tones are most intense and have the greatest effect
on the overall flowfield only in the range of pressure ratios
from 3 to 4.5. In their experiment, the maximum screech
sound radiation occurred at a nozzle pressure ratio of 3.8. The
pressure ratios for Figs. 12a and 12b are 2.75 and 3.65, respec-
tively; the latter condition is close to that for maximum
screech sound radiation. The screech data is also substantiated
by schlieren flow visualization (not shown in this paper) using
a focusing schlieren system. The rectangular slot jet shows
shocks at a nozzle pressure ratio of 2.75 and stronger shocks
at a nozzle pressure ratio of 3.65. Very weak shocks are seen
outside the flip-flop nozzle for both oscillating (nozzle pres-
sure ratio of 2.75) and nonoscillating (nozzle pressure ratio of
3.65) cases.

Concluding Remarks

1) The subsonic flip-flop jet displayed a dramatically high
time-mean spreading angle, which is deceptive due to the
actual low-frequency displacement of the jet between its two
extremes. It was found that the total mass flux at any jet cross
section for both the rectangular slot nozzle (nonoscillating)
and the flip-flop nozzle were about the same.

2) It was found that it is possible to extend the operation of
fluidically oscillated jets to supersonic flows. The oscillation
of the flip-flop jet extended smoothly from subsonic to super-
sonic flows. Confirmation was provided by flow visualization
using high-speed photography as well as unsteady velocity and
pressure measurements. For a fixed nozzle geometry, the oscil-
lations stopped beyond a Mach number of slightly over 1.58,
due to the attachment of the inner slot jet to both walls of the
flip-flop attachment. Increasing the smaller dimension of the
flip-flop attachment extended the operation of this nozzle to a
Mach number of 1.8.

3) The time-mean spreading of the supersonic flip-flop jet
was not higher than that of the supersonic rectangular slot jet
(nonoscillating). This was attributed to the underexpanded
rectangular slot jet being self-excited by its own screech tones,
and the absence of screech tones for the flip-flop jet.

4) The main merit of the flip-flop nozzle seems to be its
ability to produce large streamwise velocity perturbation lev-
els. The flip-flop nozzle appears to have potential as an excita-
tion device for exciting other flows.
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